Background: The dual acid-etched (DAE) implant was commercially introduced in 1996 with a hybrid design incorporating a machined surface in the coronal region from approximately the third thread to the seating surface. This design was intended to reduce the risks of peri-implantitis and other related soft tissue complications that were reported for implants with surface roughness in the coronal region. The objective of this prospective, randomized-controlled clinical trial was to determine the incidence of peri-implantitis for a fully etched implant with the DAE surface extending to the implant platform.
T he dual acid-etched (DAE)** implant introduced in 1996 incorporates a hybrid design with a machined surface extending from approximately the third thread to the seating surface. The selection of this design was made to avoid the risks of mucosal complications that were reported for other implants with roughened surfaces in the coronal area, particularly hydroxyapatite (HA) and titanium plasma spray (TPS) surfaces. 1 Contemporaneous observations of catastrophic implant failures with HA-, TPS-, and fully etched-designed implants led to a suspicion that a rough surface near the seating platform contributed to mucosal complications and adverse events. [2] [3] [4] [5] [6] Because a smooth, machined surface in the coronal region is more readily debrided of biofilm, 7 it was assumed that a hybrid design would better ensure mucosal health and lower the risk of peri-implant diseases surrounding osseointegrated implants. When bacterial plaque accumulates, especially in patients with poor oral hygiene, biofilm harbors microbes that can cause a reversible inflammatory reaction, termed ''mucositis,'' in peri-implant soft tissues; this can subsequently lead to ''peri-implantitis,'' a progressive, chronic, inflammatory infection of the soft tissues with subsequent irreversible bone loss. 8 Both mucositis and peri-implantitis were observed as contributing to failures of implants with HAcoated surfaces. 9 With all two-stage implant systems, there is regressive crestal bone remodeling after the placement of a transmucosal abutment. This observed bone loss is considered acceptable according to the success criteria proposed by Albrektsson et al. 10 and Smith and Zarb. 11 Nevertheless, crestal bone regression could possibly lead to exposure of the DAE surface. This concern was instrumental in finalizing the hybrid design with the machined surface featured down to the third thread. Therefore, the DAE implant was initially commercially released with the hybrid design.
Since the introduction of the DAE-surfaced implant, prospective, multicenter clinical studies reported 3-to 6-year cumulative survival rates (CSRs) ranging up to 99.3%. [12] [13] [14] [15] [16] [17] Meta-analysis of published data shows no decrease in performance for DAE-surfaced implants under conditions considered to be a high risk for implant failure, e.g., in poor bone quality, 18 in poor bone quantity, 19 or in patients who smoke. 20 Furthermore, human histologic and histomorphometric evaluations show significantly greater bone-implant contact at the DAE surface compared to the machined surface. [21] [22] [23] Because of the recognition of the benefits of the DAE surface, the hypothesized but unsubstantiated safety contributions of the hybrid design may be challenged and clinician interest in extending the DAE surface to the seating platform has emerged. With the hybrid design, the machined surface is positioned at the cortical portion of bone where initial implant fixation is most critical. Also, users of short implants (<10 mm) noted that the hybrid design leaves about half of the implant with a machined surface, which could pose an increased risk for failure in sites with poor quality bone. 18, 19 The potential benefits of having the DAE surface complexity on all implant surfaces with osseous contact have to be considered against the possibility of increasing the incidence of peri-implantitis. Clinician interest in a fully DAEsurfaced implant led to a specific effort to quantify the risk of adverse events for fully etched implants. Therefore, this prospective, randomized-controlled clinical trial is designed to determine whether a difference exists in the incidence of peri-implantitis between hybrid and fully etched implants.
MATERIALS AND METHODS

Study Implants
All implants evaluated in this clinical trial had a surface complexity generated by a dual acid-etching process. † † Control implants were those with a hybrid design where the DAE surface includes all areas from the apex to the top of the third coronal thread. A machined surface continued from this point up to the seating platform (Fig. 1A) . Test implants had a continuous DAE surface from the apex to the seating platform (Fig. 1B) . Other than the regions of surface complexity, the overall physical design of the test and control implants used in the study was identical. All study implants were composed of commercially pure titanium and had an external hexed-abutment fixation mechanism and a self-tapping apex. Implant dimensions available for the study were limited to diameters of 3.75 and 4 mm and lengths ranging from 8.5 to 18 mm. Restorative components used in the study are all commercially available and provided by the manufacturer. ‡ ‡ Profilometric analysis, using a scanning electron microscope, § § was performed to create surface maps and to quantify the surface roughness of applicable implant surfaces. High-resolution, three-dimensional scans at a magnification ·1,000 were conducted on two representative test and two representative control implants. The regions assessed included the DAE surface and machined collar of control implants and the DAE surface of test implants. Five scans were carried out per implant on the respective regions, providing 10 total scans for each respective surface.
All scans were post-processed using software. ii The post-processing included a 50 · 50-micron Gaussian filtration and an inverse fast fourier transform. The fourier analysis, which separates low-and high-frequency data, was used to quantify the contributions of roughness elements of the surface from the coarser waviness elements generally imparted by the overall surface curvature. Surface-mapping data were analyzed using the Fisher protected least significant difference method. ¶ ¶
Patient Selection
Study inclusion criteria consisted of patients >18 years of age for whom a decision had already been made to use implants for the treatment of a partial posterior edentulism and who were physically able to tolerate conventional surgical and restorative procedures. Exclusion criteria consisted of evidence of active infection or severe inflammation in areas intended for implant placement, a smoking habit of ‡10 cigarettes per day as reported on a screening questionnaire, uncontrolled diabetes, metabolic bone disease, therapeutic radiation to the head within the past 12 months, evidence of severe parafunctional habits, and pregnancy.
Patients who met the admission criteria and provided written informed consent were assigned a unique study identification number to which prospective implant sites would be randomly assigned to either the test or control groups. Study restorations were to be two-, three-, or four-unit fixed prostheses to ensure that conditions for both test and control implants were as similar as possible. A statistician generated a randomization scheme for the project. Randomization cards were provided to investigators (LZ, SF, BR, GV, JLW, and AC) for each case and had tamper-evident masking. Each card included a treatment-allocation scheme allowing for two, three, or four implant sites. These were unmasked during surgery at the time of implant placement. Requirements for implant placement included ‡1 mm of bone available at the buccal and lingual aspects of the implant and ‡1 mm of bone below the apex. Anatomic requirements for prosthetic fabrication included an alveolar ridge width ‡6 mm and a bone height ‡5 mm above the mandibular canal.
Surgical Procedures
Surgical calibration of the investigators included previous experience with the implant system and the use of identical surgical kits, drills, and handpieces provided by the manufacturer. ## The drilling sequence and implant-placement protocol included specific instructions described in the manufacturer's surgical manual. Implants were to be placed without countersink drilling, leaving the implant seating surface 0.7 mm above the alveolar bone. All implants were to be placed in an open surgical field with full mucoperiosteal flaps in a single-stage surgical approach with the placement of a healing abutment prior to repositioning the mucosa. After 6 weeks of healing, impressions were taken to fashion provisional restorations that were inserted at 8 weeks. The final prostheses were delivered within 6 months.
Evaluation Criteria
At the restorative visit and each follow-up visit (annually for 5 years), patients were interviewed for any subjective symptoms of pain or paresthesia that might indicate infection. The modified sulcus bleeding index (SBI) 24 was used to assess the bleeding tendency of the marginal peri-implant tissues at the mesial, distal, buccal, and lingual aspects of each implant. Probing depths measured at the mesial, distal, buccal, and lingual surfaces were recorded to the nearest half millimeter. In addition, suppuration was reported as either a yes or no during the probing procedure. Measures of overall oral hygiene conditions were recorded at each evaluation by the use of the plaque index 25 and gingival index. 26 If any signs or symptoms of implant mobility were present, the prosthesis, was removed to allow an implant mobility assessment. Mobility testing was performed by removing the prosthesis, attaching a post, and an opposing force from two hand instruments (e.g., mirrors) was applied.
Radiographic Analyses
Periapical radiographs of all study implant sites and any proximal edentulous areas were obtained and inspected to detect signs of peri-implant radiolucencies at the 2-month provisionalization visit (baseline), at 6 months (permanent prosthesis attachment), and, thereafter, annually for 5 years after prosthesis insertion. Periapical radiographs were taken with the patient wearing a customized plastic bite block*** filled with acrylic resin to ensure that a parallel technique was replicated at each study interval.
Individual study radiographs were inspected to identify progressive bone loss. For the measurement of crestal bone regressive modeling, qualified radiographs with sufficient resolution, clarity, and content were included in the analyses. Radiographic films were scanned by a flatbed scanner with a transparency module, † † † and images were saved as high-resolution files. Crestal bone landmarks on each radiographic image were marked by one clinician evaluator (Dr. Richard Caudill, private practice, Tequesta, FL). On both the mesial and distal aspects of the implant, the evaluator scored two marks designating where the crestal bone intersected the implant body apically and coronally. A reference line was placed across the implant-abutment interface. Bone-height measurements were made using software. ‡ ‡ ‡ A calibration step was performed using known implant dimensions (implant length or collar width) and the observed implant dimensions to normalize and compensate for possible angulation and proximity effects. The distance between the crestal bone-implant intersection point and the reference line was used to score the crestal bone height. Distances were measured to the nearest 0.01 mm. Significance testing was done using analysis of variance.
Reporting of Peri-Implantitis
Requirements for a declaration of peri-implantitis included all three of the following: mucositis with a positive finding of bleeding and/or suppuration upon probing; a probing depth >5 mm; and crestal bone loss that was progressive, >5 mm, and confirmed by radiography. The determination of significance of outcomes from the two implant groups for the incidence of peri-implantitis was performed using x 2 analysis.
RESULTS
Surface mapping microscopy images are presented in Figure 2 and include representative samples of surfaces on both implant types illustrating the similarities of the DAE regions on the control and test implants and the differences to the machined surface on the control implant. Sa values for the DAE surface were 0.411 mm on control implants and 0.436 mm on test implants (P >0.05). The Sa value was 0.178 mm for the machined surface on the control implants and was significantly different from the Sa value for the DAE surface (P <0.05).
Prior to the initiation of patient enrollment, the study centers obtained review committee approval. Between September 2000 and June 2002, 112 patients (age range: 22.6 to 80.3 years; mean age: 59.1 -8.2 years) were enrolled at seven centers within Europe (at Gothenburg University, Gothenburg, Sweden; Gefle, Sweden; and Verona, Italy) and the United States (at Southern Illinois University, Edwardsville, Illinois; the University of Florida, Gainesville, Florida; and Towson, Maryland). Descriptive statistics for the patient population included gender, smoking status, and relevant medical conditions. At the time of enrollment, the statistics were as follows: 46% (50) of subjects were male with a mean age of 59.3 years, and 54% (56) of subjects were female with a mean age of 58.9 years; of the female patients, 44% were postmenopausal. Fifteen percent of all patients were smokers as reported on screening forms.
A total of 304 implants were placed supporting 127 prostheses with a distribution of 139 control and 165 test implants in 112 patients. The distribution of control and test implants by tooth numbers in maxillae and mandibles is depicted in Figure 3 . Both groups had implants placed predominantly in the mandible. The results of clinical assessments of bone quality at placement surgery 27 for all implants were as follows: 11.0% in dense bone, 67.4% in normal bone, and 21.6% in soft bone. Regarding implant dimensions, 60% were 4 mm in diameter, and 40% were 3.75 mm in diameter. The distributions of implants by length were as follows: 35% were £10 mm, 33% were 11.5 mm, 22% were13 mm, and 10% were ‡15 mm.
During 5 years of observations, a total of 16 patients (14.2%) did not return for annual evaluations, and these cases were designated as lost to followup. The data collected at each follow-up assessment from mucosal probing at the mesial, distal, buccal, and lingual aspects of each implant for the detection of bleeding (SBI) and probing depth measurements are presented in Table 2 . The probing data show that results for control and test groups were similar throughout the study. More than 83% of all SBI scores for implants in either group, throughout the 5 years of follow-up, were 0, and for £0.3% of implants in either group, the score was 3. The probing depth values reported in Table 2 are the increased changes from the baseline values obtained at the prosthesis insertion visit 6 months after implant placement surgery. For both implant groups, the majority of values were within the 0-to 1-mm range, and no values were ‡3 mm.
During the course of the study, one case of peri-implantitis was reported for an overall incidence of 0.37%, and no statistical difference was observed between implant groups (P >0.05). The one peri-implantitis case occurred in a patient previously treated for advanced chronic periodontitis. At the patient's 3-year annual follow-up evaluation, a control implant (hybrid design) placed in the posterior maxilla presented with a 6-mm probing depth, bleeding on probing, and radiographic bone loss. This implant was part of a two-unit fixed prosthesis, and the other implant (test) included in the case showed no clinical signs of pathology. After surgical intervention for debridement of the affected implant, clinically healthy conditions with probing depths £4 mm were reestablished. However, at the final 5-year annual follow-up evaluation, a recurrence of pathology (bleeding and suppuration) was observed. Despite non-surgical subgingival debridement of the implant, signs of pathology remained, and therefore, surgical debridement combined with systemic antibiotic therapy (doxycycline, 100 mg, daily for 7 days) was performed. Three months later, the implant showed shallow probing depths (£4 mm) and no bleeding or suppuration.
Other than this case, there was only one other positive score for suppuration for one control implant, which was observed at the baseline evaluation but was not detected at the subsequent evaluation. One incidence of radiolucency was reported, which was detected on a baseline radiograph, for one control implant, and on the subsequent 6-month radiograph, the radiolucency was no longer observed. Measurements of general oral health and hygiene, as reported using the gingival and plaque indices, revealed a slight upward trend during the course of the study (Fig. 4) .
The analysis of qualified study implant radiographs showed a difference between implant groups in crestal bone regressive-modeling outcomes as illustrated in Figure 5 . The number of implants in this illustration represents radiographs qualified for this analysis at each study interval, whereas all radiographs for all patients were inspected for progressive bone loss. A similar extent of bone regression was observed for both implant types in the first 6 months from provisionalization. Thereafter, crestal bone levels were self-limiting and never exceeded a mean change from baseline of 1.2 mm. The loss of crestal bone was less for the fully etched group compared to the hybrid implants, and this difference was statistically significant at the P <0.0001 level. Throughout the 5 years of monitoring, no crestal bone loss exceeded 5.0 mm for all but the one implant associated with peri-implantitis. Sa = arithmetic mean of the departures of the roughness area of the mean plane; Sq = root mean square variation over the surface; PV = highest peak to lowest valley.
Figure 2.
Topographies of the DAE surfaces on control (A) and test (B) implants were qualitatively similar to each other and different than the topography of the machined surface (C) as represented in surface-mapping microscopy images. The distribution (%) of control (hybrid design) and test (fully etched) implants by tooth site numbers (according to the Universal/National System) in the maxilla and mandible.
DISCUSSION
Since the introduction of root-form dental implants in the 1970s, changes in implant design have led to considerable improvements in overall success rates. A specific example is the addition of surface complexity to the machined-surface threaded implant. The profilometry data determined for the DAE surface on control and test implants in this study fall within the range of profilometry values reported by the manufacturer for the DAE surface on commercially pure titanium. 28 Profilometry values for the DAE surface are at least twice those for the machined-surface portions on the hybrid implant.
Solely on the basis of increased surface complexity, CSRs increased significantly for implants with DAE surfaces. [12] [13] [14] [15] [16] [17] Mechanisms by which the increased surface roughness contributes to the substantive improvements in clinical performance were proposed. Park and Davies 29 showed that, compared to a machined surface, the platelet adhesion and activation on the DAE surface may contribute to the acceleration of osseogenesis immediately upon implant placement into blood within the osteotomy. Davies 30 recognized that the DAE surface is osteoconductive, allowing fibrin to attach and osseogenic cells to migrate along a connective tissue scaffold toward the implant surface and to secrete de novo bone directly onto the implant surface. At the molecular level, the topography of the DAE surface was shown to modulate extracellular gene expression of osteonectin and osteocalcin, both having an effect on bone-implant integration. 31 For implants with a roughened coronal surface, a biofilm of bacteria forms in and around the implant upon exposure to the oral environment. 32 Because these microorganisms may persist and proliferate, they are a leading contributor to peri-implantitis, which can lead to the loss of implant integration. 33 A large proportion of the partially edentulous population receiving implant treatment includes patients who lost teeth due to tissue destruction and periodontitis. 34 In patients with periodontal disease, it was shown that bacteria can be -= not applicable; BL= baseline; n = numbers of sites where there was a finding of increased probing depth corresponding to intervals. * 0 = no bleeding; 1 = an isolated bleeding spot was visible; 2 = blood formed a confluent red line on the mucosal margin; and 3 = heavy or profuse bleeding. † Probing depth intervals (millimeters) are changes from baseline (BL) to the 6-month permanent prosthesis insertion.
Figure 4.
A) Mean scores for the gingival and plaque indices through 60 months of follow-up assessments are <1.0. Gingival index scores: 0 = absence of inflammation; 1 = mild inflammation, slight change in color, and little change in texture; and 2 = moderate inflammation, moderate glazing, redness, edema hypertrophy, and bleeding on probing; (3) = severe inflammation, marked redness and hypertrophy, tendency to spontaneously bleed, ulceration. B) Plaque index scores: 0 = no plaque; 1 = plaque was not visible to the unaided eye, but when the tip of a probe was run across the gingival margin, a thin film of plaque was seen; 2 = moderate accumulation of soft deposits at the gingival margin and/or on the tooth surface visible to the naked eye; and 3 = abundance of soft matter at the gingival margin, in the gingival pocket, and on the surface of the tooth. BL = baseline (implant placement).
transmitted from periodontal pockets in other regions of the mouth to the peri-implant region and that periodontitis is a risk factor for peri-implantitis. 35 Another risk factor associated with peri-implantitis is tobacco use, as demonstrated in a large retrospective study. 36 Recent research 37, 38 focused on identifying an association between genetic markers and peri-implantitis. However, there is not enough evidence to support the diagnostic value of genetic susceptibility tests to assess a patient's risk for peri-implantitis. 37, 38 It is recommended that all potential risk factors that might predispose an implant to inflammatory reactions should be recognized when considering the etiology of peri-implantitis. Peri-implantitis can be difficult to treat with local and systemic antimicrobial approaches, 39 and even with surgical interventions. 40, 41 Because the accumulation of biofilm can be responsible for the introduction of bacteria at the mucosal margin of the implant, the role of oral hygiene is considered critical for prevention. Prevailing treatment modalities include conservative approaches such as adjunctive local antimicrobial rinses, e.g., chlorhexidine, in combination with a patient's daily use of a soft toothbrush to combat the inflammatory response. 42 Non-surgical mechanical debridement can be performed with hand instruments or ultrasonic devices with no discernible differences in the resolution of outcomes. 43 Surgical tissue flap exposure, often the next treatment modality, allows access to the implant threads for mechanical debridement and rinsing with solutions such as citric acid or hydrogen peroxide. Ultimately, bone augmentation with or without a bioabsorbable membrane may be required to salvage the implant. 44 The failure to detect signs of mucositis and peri-implantitis and to initiate proper intervention can lead to progressive bone loss resulting in implant failure. In the present study, the one peri-implantitis case was successfully treated with surgical debridement and systemic antibiotics.
When signs of peri-implantitis are observed in the early stages, current treatments can be reasonably successful, 45, 46 and the possibility for bone regeneration is higher for implants that previously may have been unsalvageable. The early clinical detection of mucositis and peri-implantitis is best accomplished with systematic mucosal probing techniques to measure the probing depth and to reveal bleeding on probing and the presence of suppuration. 45 Historically, there is a perception that probing around implants should be avoided. 47 Probing alone is not a purely diagnostic test for peri-implantitis, but it is a more efficient and effective technique than other methods, such as the commercially available tests used to detect bacterial strains in crevicular fluid. In this study, clinical observations of mucosal health based on the probing methods indicate a low incidence of any possible sign of peri-implantitis based on the results from the SBI scores: for both groups, 83% were ranked 0, and one site throughout the course of the study scored positive for suppuration.
According to Mombelli, 46 a loss of crestal bone beyond stabilized regressive remodeling, in conjunction with probing depths ‡5 mm, is necessary for a differential diagnosis of peri-implantitis. In the present study, radiographic evidence of bone loss was initially obtained at provisionalization and again at each annual follow-up appointment. The pattern of regression was notable for its self-limiting profile with no progressive regression observed in the mean values after the insertion of the permanent prosthesis 6 months after implant placement. These data demonstrate a compliance with the success criteria of Albrektsson et al. 8 The difference in the extent of regression between the hybrid and fully etched versions of the implant suggest some mechanism or capacity of the DAE surface to resist the forces that cause bone regression. Baseline radiographs were obtained at provisionalization after 2 months of healing with transmucosal abutments. During this time, additional crestal bone regression took place but was not captured in the study.
There is limited information on the incidence of peri-implantitis in the literature because there are few studies that report observations that adhere to a conventional definition of peri-implantitis. 48 Estimates range from 0% to 14.4%, 49 and the frequency of the disease may increase as a result of increasing years of implant function. 46 Nonetheless, it is a clinical reality, and the stigma of this condition is an everpresent concern, especially for users of implants with HA and TPS coatings. However, the failure rates reported for HA implants, initially attributed to surface roughness and peri-implantitis, were possibly caused by a different mechanism. Because the extent of crystallinity of plasma-sprayed HA coatings can affect stability in vivo, 50 such amorphous, unstable coatings do not biodegrade or integrate homogeneously, and large fragments can disintegrate and lead to implant failure. 51 Reportedly, all commercial HA coatings are susceptible to dissolution. 52 The observations of failures were eventually understood to have been caused by a delamination of the HA coating. In contrast, for the DAE-surfaced implants, acids are used in a reductive approach. As a result, there is no coating, and DAE implants are not subject to a delamination failure mode.
The main objective of this study is to determine the clinical safety and efficacy for implants with the DAE surface at the mucosal interface after 5 years of observation; this objective was achieved. Because peri-implantitis has a late onset, tissue destruction may not be detected until observation periods ‡5 years. Control and test implant types were placed in each patient in support of the same restoration to ensure that differences in location, bone density, and oral hygiene did not affect outcomes. Results from mucosal probing evaluations to detect bleeding and suppuration were consistent between the groups. With only one report of peri-implantitis observed in this study, the power to make a definitive assessment of safety for the fully etched version of the implants was limited by the sample size because the study was originally powered to detect a higher incidence of peri-implantitis. With no clinical or radiographic signs of peri-implantitis for the fully etched surfaced implants, there was no evidence of an increased risk.
CONCLUSIONS
The results of this study suggest that an implant designed with a DAE surface extending from the apex to the abutment seating platform does not adversely affect mucosal health or increase the risk of peri-implantitis. The presence of the roughened surface at the collar is of interest for its effect of preserving crestal bone, which is essential for maintaining soft tissue stability and esthetics.
